Abstract-This paper extends writer's previous work and proposes design, modeling and control issues of a simple robot arm design. Mathematical, Simulink models and MATLAB program are developed to return maximum numerical visual and graphical data to select, design, control and analyze arm system. Testing the proposed models and program for different input values, when different control strategies are applied, show the accuracy and applicability of derived models. The proposed are intended for education and research purposes.
I. Introduction
The accurate control o f mot ion is a fundamental concern in Mechatronics applications, where placing an object in the exact desired location with the exact possible amount of force and torque at the correct exact time is essential for efficient system operation [1] . This paper extends writer's previous works [1, 2] , the ult imate goal of th is work addresses design, Modeling, simu lation and control issues for robotic arm, Particularly, to design a robot arm, select and apply different control strategies, so that an applied input voltage with a range of 0 -12 volts corresponds linearly to an output arm angle of 0 to 180, The designed system should respond to the applied input with an overshoot less than 5%, a settling time less 2 second and a zero steady state error, as well as, to simp lify and accelerate the process of robot and control design and analysis, two suggested MATLAB function block models with its function block parameters for robot arm design, control selection and analysis purposes to be proposed.
Having both electrical and mechanical parameters, a single joint robot arm is an application examp le of a Mechatronics electromechanical system used in industrial automat ion. Each degree of freedo m (DOF) is a joint on Robot arm, where arm can rotate or translate, each DOF requires an actuator, A single joint Robot arm is a system with one DOF that is one actuator, when designing and building a robot arm it is required to have as few degrees of freedo m allowed for given application. As shown in Figure1 , PMDC motor is, widely, used as an electric actuator to drive a robot arm horizontally. The motor system input signal used to provide the control voltage and current to the PM DC motor is a voltage signal. In part I [1] to simplify and accelerate the process of DC motors sizing, selection and dynamic analysis for different applications, using different approaches, different refined mathematical models in terms of output position, speed, current, acceleration and torque, as well as corresponding Simu link models, supporting MATLAB m.file and function block models are introduced for comparison and analysis purposes were introduced. In part II [2] addresses a comprehensive study and analysis of most used control strategies of a given DC motor for comparison and analysis purposes, to select the best and most suitable control strategy for specific motion application, e.g. to control the output angular position, θ and speed of a given DC motor, used in Mechatronics motion applicat ion. These works are intended for research purposes, as well as for the application in educational process. In [3] to simplify and accelerate Mechatronics motion control design process including; performance analysis and verification of a given electric DC system, proper controller selection and verification for desired output speed or angle, a new, simp le and user-friendly MATLAB built-in function, mathematical and Simulink models are introduced
II. System Modeling, Si mulation, Characteristics And Analysis
In modeling process, to simplify the analysis and design processes, linear approximations are used as long as the results yield a good approximation to reality [3] . As shown in Figure 1 , Single joint robot arm system consists of three main parts; arm, connected to actuator through gear train with gear ratio, n [4] . Because of the ease with which they can be controlled, systems of DC machines have been frequently used in many applications requiring a wide range of motor speeds and a precise output motor control [5] [6] . The robot arm system to be designed, has the following nominal values; arm mass, M= 8 Kg, arm length, L=0. Based on the Newton's law combined with the Kirchoff's law, the mathematical model of PMDC motor in the form of differential equations or state space equations, describing electric and mechanical characteristics of the motor can be derived. In [2] [3] [4] , based on different approaches, detailed derivation of different refined mathematical models of PMDC motor (e.g. Eqs (1-2)) and corresponding Simulink models are introduced, as well as an function blocks with its function block parameters window for open loop DC system motor selection, verification and performance analysis . Any of those proposed models (e.g. 
The PMDC motor open loop transfer function relating the input voltage, V in (s), to the motor shaft output angular velocity, ω m (s), given by: To model, Simulate and analyze the open loop Robot arm system ,considering that the end-effector is a part of robot arm, The total equivalent inertia, J equiv and total equivalent damping, b equiv at the armature of the motor are given by:
The geometry of the mechanical part determines the moment of inertia and damping ,To compute the total inertia, J equiv , we first consider robot arm as thin rod of mass m, length ℓ, (so that m = ρ*ℓ*s) , this rod is rotating around the axis which passes through its center and is perpendicular to the rod. The moment of inertia of the robot arm can be found by computing the following integral: 
III. Control System Selection, Design and Analysis
A negative closed loop feedback control system with forward controller and corresponding Simulink model shown in Figure . 4(a)(b) are to be used [3] . Our design goal is to design, model, simulate and analyze a control system so that a voltage input in the range of 0 to 12 volts corresponds linearly of an Robot arm output angle range of 0 to 180, that is to move the robot arm to the desired output angular position, θ L , corresponding to the applied input voltage, V in , with overshoot less than 5%, a settling time less than 2 second and zero steady state error. The error signal, e is the difference between the actual output robot arm position, θ L , and desired output robot arm position. 
Sensor Modeling
To calculate the error, we need to convert the actual output robot arm position, into voltage, V, then compare this voltage with the input voltage V in , the difference is the error signal in volts. Potentiometer is a popular sensor used to measure the actual output robot (arm) position, θ L ,convert into corresponding volt, V p and then feeding back this value, the Potentiometer output is proportional to the actual robot arm position, θ L , this can be accomplished as follows: The output voltage of potentiometer is given by (5), in this equation: θ L :The actual robot arm position. K pot the potentiometer constant; It is equal to the ratio of the voltage change to the corresponding angle change, and given by Eq(5). Depending on maximum desired output arm angle, the potentiometer can be chosen, for our case V in = 0:12, and output angle = 0:180 degrees, substituting, we have:
(Degree change) 12 0 180 0 0.066
The value (0.0667), means that each one input volt corresponds to 180/12= 15 output angle in radians , to obtain a desired output angular position of 180 , we need to apply 12 volts, to obtain an angular position of 90 we need to apply ( 90*0.0667= 6.0030 Volts).
Control Strategy Selection and Design
Running the Simulink model of the robot arm closed loop system without controller attached (K=1) shown in Figure 5 (a), as well as the below MATLAB m.code , will return step response shown in Figure 5(b) , the response curve shows that the arm system responds with a very huge value of settling time,(approximately T S =500 seconds) to reach steady state output angle of 180 degrees, that is not corresponding to the required design specifications. A controller is to be designed to meet desired specifications. In [3] different control strategies where applied to PMDC and it is found that, there are many motor control strategies that may be more or less appropriate to a specific type of application each has its advantages and disadvantages. The designer must select the best one for specific application , where when applying lag-controller to PMDC system, the system stability is increased, the settling time, T s is reduced and steady state error is reduced, so called PD controller with deadbeat response, enables designer to satisfy most required design specifications smoothly and within a desired period of time and can be applied to meet the desired specification., applying internal model controller result in improving system's both dynamic and steady state performances, reducing overshoot, rise time and settling time as well as disturbance rejection, when applying PID controller to PMDC system, the system stability is increased, the settling time T s is decreased and steady state error is almost eliminated, and so on. By proper selection the of the three PID gains, different characteristics of the motor response are controlled. To achieve a fast response to a step command with minimal overshoot and zero steady state error. We will, separately, apply these control strategies to our Robot arm system, and later to simplify and accelerate the whole process of robot arm system design in terms of designing the mechanical arm and gear parts as well as selection and designing the most suitable control strategy, a general model in the form of function block with its function block parameters will be built. 
Controller Design Using PID Strategy:
PID controllers are commonly used to regulate the time-domain behavior of many different types of dynamic plants [6] . The transfer function of PID control is given by:
The Simulink model of closed loop robot arm, with DC motor, as subsystem and PID controller applied, is shown in Figure 6 (a). The response of this model is shown in Figure .6 Step response of closed loop robot arm, with DC motor, as subsystem and PID controller
Controller Design Using Lead and Lag Compensators
Lead compensator is a soft approximation of PDcontroller, The PD controller, given by G PD (s) = K P + K D s , is not physically implementable, since it is not proper, and it would differentiate high frequency noise, thereby producing large swings in output. to avoid this, PD-controller is approximated to lead controller of the following form [13]:
The larger the value of P, the better the lead controller approximates PD control, rearranging gives: 
The Lag compensator is a soft approximation of PI controller, it is used to improve the steady state response, particularly, to reduce steady state error of the system, the reduction in the steady state error accomplished by adding equal numbers of poles and zeroes to a systems.
( ) ( ) Since PI controller by it self is unstable, we approximate the PI controller by introducing value of P o that is not zero but near zero; the smaller we make P o , the better this controller appro ximates the PI controller, and the approximat ion of PI controller will have the form:
Where: Z o > P o , and Z o small numbers near zero and Z o =K I /K P , the lag compensator zero. P o : small number ,The smaller we make P o , the better this controller approximates the PI controller. The Simulink model of both Lead and Lag compensators is shown in Figure . 7 (a). The step responses are shown in Figure .7(b) . 
Function Block for System Design and Analysis
To simplify and accelerate the whole process of Mechatronics robot arm system design in terms of designing mechanical parts; arm and gear , as well as selection and designing the most suitable control strategy, Two models in the form of function block with its function block parameters will be built, first simple using only PID controller and a second general model with most control strategies applied to Robot arm design and control.
PID Controller Function Block for Robot ARM Design and Analysis
A suggested Function Block model for robot arm design, controller selection, design and robot system analysis is shown in Figure .8 (b) , the function block subsystem is shown in Figure . The suggested general function block is shown in Figure 10 (b) based and subsystem in Figure 10 (a), this model includes most control strategies applied to Robot arm design and control selection ,this model allow designer to define robot arm subsystems parameters, e.g. arm length, weight, gear ratio, damping factor, as well as to define electric motor parameter, e.g. V in =12;J m =0.02. after defining all parameters, model allows using manual switch, select any control strategy , finally run the model and analyze response curves of a given robot arm system. the control strategies included in this model are, P, PI, PD, PID included in PID Simulink block, lead, lag compensator, PD with deadbeat, lead-integral controllers, model will return all the following response curves for any input from zero to 12 volts, Angular Position/time, Angular speed/time, Angular Acceleration / time, Current/time and Torque/time curves for 12 V input, this model, also, allows designer to use Simulink tuning capabilities of PID controller and its features. Switching model to PID controller, running simulation, will result in Arm position/time response curve shown in Figure . 10 (c). This model can be modified to include other control strategies. 
